We propose a method of suppressing the relative intensity noise caused by polarization-dependent gain that is inherent to Raman polarizers (RPs). This method involves bit-synchronously scrambling the state of polarization of a pulse (bit) before the pulse enters the RP. The proposed solution works for RPs operating in a depleted regime and is compatible with multichannel configurations. © 2012 Optical Society of America OCIS codes: 230.5440, 230.1150, 230.4320. Raman polarizers (RPs) were first proposed and experimentally demonstrated in the pioneering paper by Martinelli et al. in [1] . There, an RP was realized by using a few-kilometer-long span of telecommunication ultralow polarization mode dispersion (PMD) fiber pumped by a few-watt power beam. A weak signal beam copropagating along the fiber together with the pump was efficiently repolarized, i.e., acquired one and the same state of polarization (SOP) toward the output of the polarizer regardless its SOP set at the input: the signal SOP was attracted toward the pump SOP. As it was theoretically proven later, RPs can work not only in such copropagating geometry [2, 3] , but also in a counterpropagating configuration [4, 5] . The repolarization process (attraction) takes place due to the highly polarization-dependent gain (PDG) inherent to silica: the Raman gain coefficient along the pump SOP takes its maximum value g, while the gain of the orthogonal component is virtually zero. Along with the obvious advantage of its potential applications in repolarization and enhanced gain, PDG brings also a drawback-the repolarized beam acquires a high level of relative intensity noise (RIN), even if the initial unpolarized light was steady in time intensity. This RIN is directly caused by PDG and should not be mistaken for other forms of RIN arising, for example, from amplitude noise in the pump beam.
Raman polarizers (RPs) were first proposed and experimentally demonstrated in the pioneering paper by Martinelli et al. in [1] . There, an RP was realized by using a few-kilometer-long span of telecommunication ultralow polarization mode dispersion (PMD) fiber pumped by a few-watt power beam. A weak signal beam copropagating along the fiber together with the pump was efficiently repolarized, i.e., acquired one and the same state of polarization (SOP) toward the output of the polarizer regardless its SOP set at the input: the signal SOP was attracted toward the pump SOP. As it was theoretically proven later, RPs can work not only in such copropagating geometry [2, 3] , but also in a counterpropagating configuration [4, 5] .
The repolarization process (attraction) takes place due to the highly polarization-dependent gain (PDG) inherent to silica: the Raman gain coefficient along the pump SOP takes its maximum value g, while the gain of the orthogonal component is virtually zero. Along with the obvious advantage of its potential applications in repolarization and enhanced gain, PDG brings also a drawback-the repolarized beam acquires a high level of relative intensity noise (RIN), even if the initial unpolarized light was steady in time intensity. This RIN is directly caused by PDG and should not be mistaken for other forms of RIN arising, for example, from amplitude noise in the pump beam.
One possible way to suppress this RIN is to operate the RP in the depleted regime, as suggested in [6] . However, this method has limitations when applied to telecom systems: (i) it becomes ineffective for a pulse stream with low extinction ratio, because "zeros" are amplified in the undepleted regime and therefore experience stronger gain than "ones," which are amplified in the depleted regime, finally resulting in a severe degradation of the extinction ratio; (ii) while working perfectly for one channel, the method is not scalable to multichannel (WDM) operation, when the competition for gain of temporally overlapping pulses from different channels introduces its own RIN into each channel; (iii) the RIN ratio R, defined later and which characterizes the gap between the maximally and the minimally amplified "one," is very high, thereby pointing to the inevitable (though maybe rare) failure in device performance.
In this Letter we propose an alternative method for combating RIN in RPs for WDM signals, which is free of the three above-listed limitations. The method is conceptually similar to the proposal of [7, 8] , where a different two-section fiber configuration was used in the single-channel case.
The main idea here is to scramble the SOP of each bit prior to launching it into the RP, as shown in the scheme of Fig. 1 . Indeed, electro-optic polarization scramblers may provide bit-synchronous modulation of the initial SOP of the pulse in such a way that the SOP of the pulse leaving the scrambler undergoes a long excursion over the Poincaré sphere across its time width [9] . In this way we may bring each pulse from the sequence into a highly unpolarized state. At first sight it might seem counterintuitive that, in order to get a fully polarized light out of the device, we first need to depolarize it as strongly as possible. However, we are going to demonstrate shortly that such a polarization prescrambling indeed leads to a significant PDG-induced RIN suppression even for WDM signals.
We shall consider the model of an ideal copropagating multichannel RP, which is the extension of our previous one-channel model [2] to the case of multichannel operation. We are interested in the limit of vanishing PMD, when the RP performs its function at its best [2] [3] [4] [5] . In this limit the randomly birefringent telecom fiber turns into a perfectly isotropic fiber. The equations of motion for the signal and pump beams read as
where i; j label the channel number in the N-channel RP; S 
is the signal (pump) wavelength. The symmetry of Eqs. (1) and (2) implies that the performance of the RP is independent of a particular choice of the pump SOP, which we now fix by letting S For quantifying the level of RIN, we introduce the RIN ratio R i and the normalized root-mean-square deviation (RMSD) of peak intensities. For the ith channel with i 1; …; N, one has CVRMSD i hIi
(here CV is the coefficient of variation), where I j max j S s 0 L is the peak intensity of a pulse in the jth "one" bit, and the average hIi ≡ M −1 P M j1 I j is taken over all "one" bits in the sequence. In our example we use a pseudo-random sequence of 512 bits with M 256. The smaller the CVRMSD, the less pronounced the intensity fluctuations and the better the performance of the RP. Nevertheless CVRMSD only characterizes the statistical properties of the device, as it tells us nothing about the occurrence of rare events. In this respect the RIN ratio R is more helpful. For evaluating this quantity, we need to scan over all possible transmitted bits and take the absolute maximum and absolute minimum of the peak intensity of the "one" bits. As an estimate, we can say that, when R is as high as E −1 , where E is the extinction ratio, then some events happen in which the output intensity of the "one" bit becomes comparable to the average output intensity of a "zero" bit, and a failure occurs, because of the indistinguishability of this "one" from a "zero." Overall, it is desirable to get R as close to unity as possible. We shall present shortly an analytic estimate showing that, for an RP in the undepleted regime without prescrambling, R is as high as G, where G is linear gain of the polarizer, while it is only three for the same setup with prescrambling.
Let us define the input (at z 0) SOP of a "one" bit of the signal beam in the Stokes space as 
The shape of S s 0 t; 0 is Gaussian. Phases ϕ 1 and ϕ 2 are constant across each bit slot but differ from slot to slot. The modulation ωt describes the action of the polarization scrambler. We choose ωt 8πt∕T, where T is the bit duration. Excessive scrambling speeds should be avoided as they may lead to the spectral overlap of neighboring channels. We vary ϕ 1 and ϕ 2 from bit to bit in such a way that the overall degree of polarization (DOP) of our 512 bit long sequence at the input is as small as 0.02 even in the absence of the scrambler, thus representing a case of unpolarized light. At the output of the RP, whose parameters are listed in the caption of Fig. 2 , the DOP becomes as large as 0.997 in all simulation runs presented in this Letter. This observation indicates that the RP perfectly performs its main function-the repolarization of light. Let us solve Eqs. (1) and (2) in the regime of undepleted pump, in the absence of linear losses, and neglecting nonlinear cross-polarization modulation effects (i.e., setting γ 0). In this regime all channels are equivalent, and for each channel we can write S In the absence of prescrambling, the SOP does not change across the bit, and it is easy to find both maximum and minimum for jS
The maximum is realized when the input signal SOP is aligned with the pump SOP, while the minimum occurs when these two SOPs are orthogonal.
In presence of prescrambling, the SOP evaluation becomes involved. Moreover, the value of R starts to depend on the width of the spectral filter and on the specific way how the scrambling is implemented. For our choice of parameters, we numerically scanned over all ϕ 1 and ϕ 2 and obtained maxS
This result means that the peak intensity of the output signal never drops below 50% and never jumps above 50% with respect to its average level.
More information about the statistical characteristics of the RP can be obtained via simulation of the average peak intensity and the CVRMSD. The results, numerically obtained by solving Eqs. (1) and (2) , are shown in Fig. 2 . As a reference, we may note that the CVRMSD 0.456 (average over all channels) for the undepleted pump regime without prescrambling. When the prescrambling is introduced, the CVRMSD drops down to 0.341 (average over all channels); see Fig. 2 . Therefore, intensity fluctuations are significantly suppressed by the bit-synchronous polarization scrambler. This leads to a corresponding decrease of the bit error rate (BER) of a pseudo-random bit sequence when prescrambling is used. As an example, we consider the signal in the first channel out of an 11-channel WDM comb with an optical-signal-to-noise ratio of 20 dB. By feeding this signal into a direct detection receiver using the Chi2 estimation method with intersymbol interference correction, we numerically estimated that the BER at the output decreases from 7.2 × 10 −4 down to 2.6 × 10 −5 when prescrambling is applied. Thus, the benefits of amplitude jitter reduction due to prescrambling overcome the negative impact of the additional timing jitter that is introduced by the technique.
In the depleted pump regime, the amount of the group velocity dispersion-induced walk-off (understood here as the dependence of the group velocity on channel number/wavelength) starts to play an important role. In the example shown in Fig. 2 , the average peak power almost doubles in the presence of walk-off when compared to the case of no walk-off. The walk-off suppression of the competition of channels for the gain is reflected in the CVRMSD, which remains at the minimum level [0.346, obtained by averaging the CVRMSD over all channels]. This observation should be compared to the performance of the same RP, but without prescrambling. In this case in the depleted regime CVRMSD 0.443 with walk-off and 0.488 with no walk-off, where both values are obtained by averaging over all channels.
In conclusion, we have suggested to use a bitsynchronous polarization scrambler prior to an RP with the goal of suppressing the intensity fluctuations of the outcoming stream of pulses. A spectral filter should follow the RP in order to smoothen strong temporal modulation acquired by the pulse while passing through the RP. The performance has been quantified in terms of the RIN ratio, CVRMSD, and BER. We numerically verified that the technique is also applicable to the nonreturn-to-zero modulation format.
